We characterized the molecular allelic variation of RNases at the self-incompatibility (SI) locus of Solanum chilense Dun. We recovered 30 S-RNase allele sequences from 34 plants representing a broad geographic sample. This yielded a species-wide estimate of 35 (95% likelihood interval 31-40) S-alleles. We performed crosses to confirm the association with SI function of 10 of the putative S-RNase allele sequences. Results in all cases were consistent with the expectation that these sequences represent functional alleles under single-locus gametophytic SI. We used the allele sequences to conduct an analysis of selection, as measured by the excess of nonsynonymous changes per site, and found evidence for adaptive changes both within the traditionally defined hypervariable regions and downstream, near the 3 0 -end of the molecule.
Introduction
Self-incompatibility (SI) is the ability of simultaneous hermaphrodites to avoid self-fertilization, mediated by a genetic mechanism for self-pollen recognition and rejection. In individuals with a gametophytic SI system, pollen tube growth is arrested in the style when the haploid pollen S-allele matches either of the S-alleles in a diploid pistil. Self-pollinations are disabled, as are some among close relatives and occasionally those among unrelated individuals bearing identical alleles. Population genetic analyses of SI, primarily concerned with the number and frequency of S-alleles, were pioneered by Wright (1939) whose interest was sparked by Emerson's (1938) discovery of the astonishing allelic diversity at the S-locus in the narrow endemic species Oenothera organensis. Wright (1939) noted that an active system ensures that there are no homozygotes, and that at least three alleles must be present in populations to ensure mate availability for individual plants. In addition, plants bearing rare S-alleles have more available mates than those with common ones. This negative frequencydependent selection is expected to result in equal frequencies of all alleles (isoplethy) at equilibrium. Wright also noted that the equilibrium number of alleles is dependent on population size, and that the strength of negative frequency-dependent selection would be attenuated when populations contained large numbers of alleles.
The discovery of the molecular basis of SI in the past two decades enabled studies of the molecular diversity at the S-locus, which for the first time introduced analyses of the temporal aspects of S-locus evolution. In all taxa examined, many S-alleles or lineages of S-alleles predate the origin of species that contain them. This pattern of extensive trans-specific polymorphism is another consequence of negative frequency-dependent selection (Ioerger et al., 1990) , which increases the frequencies of alleles that drift towards rarity. Negative frequencydependent selection greatly increases the persistence of polymorphism at the S-locus, extending the expected time to coalescence.
In three plant families, Solanaceae, Plantaginaceae and Rosaceae, the specificity-encoding component of SI in the pistil is a functional S-RNase (McClure et al., 1989; Sassa et al., 1992; Xue et al., 1996) . Phylogenetic studies of the style component suggest that RNase-based gametophytic SI has a single origin in the early stages of eudicot evolution (Igic and Kohn, 2001; Steinbachs and Holsinger, 2002) . To date, nine population surveys of S-RNases of Solanaceae have been published (Richman et al., 1995 (Richman et al., , 1996b Richman, 2000; Richman and Kohn, 2000; Wang et al., 2001; Lu, 2002; Stone and Pierce, 2005; Savage and Miller, 2006) . These analyses found considerable variation in the number of deep lineages and average diversity at the S-loci of different species (for example, Richman et al., 1996a; Stone and Pierce, 2005) . While most species show a pattern of broad transspecific sharing of ancient lineages, species of the genera Physalis and Witheringia have S-alleles representing only a small subset of old S-allele lineages. Richman et al. (1996a) attributed the finding of only three deep S-allele lineages in Physalis crassifolia to a historical reduction in the population, although other factors may contribute (Uyenoyama, 1997) .
Another extrapolation of the simple genetic principles that govern the evolution of SI suggests that the S-locus should experience positive selection (selection for change). The traditional estimates of selection at the molecular level at the S-locus were based on whole-gene or sliding window nonsynonymous/synonymous rate ratios (for example, Clark and Kao, 1991; Richman et al., 1996a) , and generally had low power to detect positive selection (Yang and Bielawski, 2000) . Analyses based on these ('approximate') methods were seminal for the development of this field of study (Hughes and Nei, 1988; Clark and Kao, 1991) . However, appropriate statistical tests to detect selection at a particular aminoacid site lacked power, and the available methods often made highly simplifying and unrealistic assumptions (Yang and Bielawski, 2000) . The advent of the likelihoodbased models of codon substitution (Goldman and Yang, 1994; Muse and Gaut, 1994) , and the application of the Empirical Bayes approach (Nielsen and Yang, 1998) , led to the development and widespread use of these methods to assess adaptive molecular evolution at the level of individual codons. Such methods can also be used in conjunction with molecular genetic experiments to elucidate the mechanisms that create novel specificities (phenotypes) from genetic changes (for example, Matton et al., 1997 Matton et al., , 1999 .
Here, we present the results of the first part of analyses of natural variation at the S-locus of Solanum chilense. We report the outcome of a survey of S-alleles from a broad geographic sample of natural populations and estimate the number of S-alleles in the species. We use phylogenetic analysis of S-alleles to determine the extent of polymorphism that arose before the divergence of this species from its congener S. carolinense and from a wellsampled member of the genus Lycium that possesses S-alleles representing many deep lineages (Savage and Miller, 2006) . We then conduct an analysis of adaptive molecular evolution at the S-locus using the recovered samples. This provides a powerful analysis of selection because of the relatively large number of sequences analyzed and because all sequences shared their entire selective history continually, until present. Previous analyses of the sites under selection often analyzed sets of alleles from multiple taxa (Takebayashi et al., 2003) , or fewer and shorter sequences than those analyzed here (Savage and Miller, 2006) .
Methods
The study species The Chilean wild tomato, S. chilense Dun., is a selfincompatible herbaceous perennial found along the western slopes of the Andean cordillera from southern Peru to northern Chile and also in a disjunct region to the southwest, along the ranges that are flanked by the Atacama desert and the Pacific Ocean (Figure 1 ; Rick and Lamm, 1955) . Although it was historically included in the highly polymorphic S. peruvianum complex, its status as a separate species was well established in biosystematic (Rick and Lamm, 1955) and phylogenetic studies (Peralta and Spooner, 2001) . Populations are found from the Pacific coast to B3800 m in the Andes and are frequently highly visible in the barren basin areas and seasonal washes. We collected seeds from individuals growing in natural populations (Table 1 ) of S. chilense in May 1995. Seeds were germinated, grown in a glasshouse and three to four styles were collected from each plant and either used fresh or stored at À801C.
S-allele sequences
We extracted stylar RNA and performed cDNA synthesis using the protocols originated by Richman et al. (1995) , and further described by Raspé and Kohn (2002) , with a few modifications. Instead of using the poly-T primer for cDNA synthesis, we performed 3 0 -rapid amplification of cDNA ends (RACE) (Frohmann et al., 1988) , initiating cDNA synthesis with primer RaceA 5 0 -GCGCACGCGTC GACTAGTACTTTTTTTTTTTTTTTTT-3 0 . PCR recipe for cDNA was the same as in Raspé and Kohn (2002) . et al., 1995) and RaceB 5 0 -GCGCACGCGTCGA CTAGTAC-3 0 were used for amplification. As each individual is heterozygous at the S-locus, and S-alleles are highly divergent, we used the Invitrogen T-A Cloning Kit to separate the alleles. The cloned alleles, spanning the region from the conserved region 2 (C2) to the 3 0 -end of the transcript (B750 bp long), were identified by restriction digests and sequenced with standard M13 primers. Each allele was sequenced from two or more plants and independent bacterial clones, except for allele 13, which was amplified and sequenced directly from DNA with allele-specific primers designed for a separate study. In addition, we used a C1 forward primer (PR0 5 0 -CARCTNGTHTTVMVWTGGCC-3 0 ) along with allele-specific primers to amplify the region upstream of C2 for some sequences. One or two neutral nucleotide polymorphisms were occasionally detected Table 1 for sampling location coordinates marked on the map.
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within putative functional alleles. The sequence analyses presented here were conducted on consensus sequences. Analysis of variation within allele types will be presented elsewhere. We genotyped one offspring from each wild individual for analysis of allele number. We found four additional alleles in sibs grown at the same time. These additional sequences were included in our phylogenetic analyses as were four sequences from a previously published study of S. chilense (Kondo et al., 2002) .
Allele number and identity
The estimate of the total number of alleles (N) was made using the method of Paxman (1963) . The 95% likelihood interval was computed according to O'Donnell and Lawrence (1984) . Both assume isoplethy, as expected in a population at equilibrium (Wright, 1939) . The assumption of isoplethy was tested using Mantel (1974) statistic (see Campbell and Lawrence, 1981a, b) . Numerous attempts were made to generate homozygous lines through self-pollinations, including bud pollinations, but all failed. Consequently, we performed controlled crosses between individuals that shared one putative S-allele in common to test whether the sequenced S-alleles are associated with the SI phenotype. If pairs of available genotyped plants (for example, dam BC Â sire AB) contain one matching allele (B), only two progeny genotypes are possible (AB and AC). Such crosses are termed 'half-compatible' and all of the resulting progeny bear the single compatible paternal allele (A). Otherwise, if the putative alleles are not associated with the same incompatibility phenotype, because they are either nonfunctional or function as a different specificity (for example, dam B'C Â sire AB), the progeny will be fully compatible and segregate into four genotypic groups (AC, AB 0 , BB 0 and BC). Association of genotype and phenotype can be demonstrated if halfcompatible crosses follow the expected patterns and each seedling contains the compatible paternal allele. Consequently, we performed PCR amplifications of the unmatched paternal allele on the cross progeny (sequences of primers employed for allele-specific PCR can be obtained from the authors upon request). Because the appropriate material was not consistently available, the crosses were performed on a subset of alleles. We performed these tests for 10 alleles, on 5-27 seedlings per cross, depending on the seed set from crosses, germination rate and time to germination. Every seedling from a half-compatible cross should contain the nonmatching paternal allele (for example, A; P ¼ 1). In the fully compatible case, P ¼ 0.5. This expectation was used to calculate the probabilities of observing all progeny bearing the paternal allele fortuitously, if the cross was fully compatible instead of half-compatible (P ¼ (0.5) n , where n ¼ the number of progeny screened).
Genealogy of S-alleles
Amino-acid sequences of 34 S-allele sequences from S. chilense were aligned with ClustalX ( Thompson et al., 1997) , and adjusted manually to ensure the proper alignment of conserved cysteines and the two intronexon junctions. In addition, we added 22 alleles from S. carolinense (Richman et al., 1995; Lu, 2006) and 24 from Lycium parishii (Savage and Miller, 2006) . Nearly all alleles from S. carolinense have been shown in previous analyses to predate the genus Solanum and the alleles found in L. parishii also represent a broad sample of the ancient S-allele lineages found among Solanaceae (Richman et al., 1996a; Richman and Kohn, 2000; Savage and Miller, 2006) . After alignment of amino acids, it was converted back to the original nucleotide sequences.
To generate a phylogenetic hypothesis for these sequences, we implemented Bayesian analyses using Markov chain Monte Carlo sampling with the Metropolis-Hastings-Green algorithm running four chains (three heated, one cold) for 5 000 000 generations in Mr Bayes v3.0 (Huelsenbeck and Ronquist, 2001 ). We sampled every 2500th tree in this analysis. The burn-in procedure was used to discard the initial 1001 trees. The posterior probabilities of individual clades were calculated using the remaining 1000 trees. We also used PAUP*4.0b10 (Swafford, 2002) to heuristically find the best tree in a maximum likelihood (ML) search. For this search, we used Modeltest 3.0 (Posada and Crandall, 1998) to find the optimal model of evolution (TVM þ I þ G), selected using the Akaike Information Criterion (Akaike, 1974) .
Selection analysis
We used PAML 3.14 (Yang, 1997) for estimates of nonsynonymous/synonymous rate ratio (o) for the S. chilense alleles. Sites with values of oo1 indicate an excess of synonymous substitutions, and therefore can be inferred to evolve under purifying selection that constrains certain nucleotide changes at those sites. Alternatively, those sites for which a significant excess of nonsynonymous substitutions is recorded, or o41, suggest molecular evolution under positive selection pressure. Values of o ¼ 1, are inferred as consistent with neutrality. We calculated posterior probabilities that codon sites are under positive selection using the codeml package in PAML v3.14. We compared values of Studies of self-incompatibility in wild tomatoes B Igic et al likelihood ratios for a number of nested models. Our methodology and nomenclature follow those of Yang and co-workers (Yang and Bielawski, 2000; Yang and Swanson, 2002; Wong et al., 2004) . We compared the likelihoods of more complex models to null models M 0 (which assumes neutral codon evolution) and M 1a (nearly neutral codon evolution with two codon classes allowed to take on values from 0po 0 p1 or o 0 ¼ 1) with those of a more complex model M 2a , which incorporates an additional positively selected site class (o 2 41). We also examined the results of analyses using models M 7 and M 8 , which both assume a b-distribution for 0pop1, with the latter model allowing for an extra class of sites with o41. We test for positive selection by comparing two times the log-likelihood differences of M 1a vs M 2a and M 7 vs M 8 . The posterior probabilities that each codon belongs to one of the selection classes were calculated. Codons with a significant posterior probability (pp40.95) of being in a positively selected class (o41) are considered likely to have experienced positive selection.
Results
Allele number and identity In the initial sample, a total of 30 different S-alleles were sequenced from the 34 S. chilense individuals. Subsequent genotyping of sibships revealed four additional alleles. All sequences were deposited in GenBank (accessions EF680077-EF680110). A previously published sequence (Kondo et al., 2002 ; Figure 2 ) from plants without provenance information was identical to one in our data set. Three sequences from that study contained potentially nontrivial differences (more than two amino acids) when compared to ours. An alignment of sequences is available from the authors upon request. Pairwise amino-acid sequence identities ranged from 30-96%. The most closely related alleles, designated 13 and 18 (see Figure 2) , differed by four amino-acids out of the total 113 available for comparison. Allele frequencies did not deviate from isoplethy (w 2 ¼ 30.76, P40.33). The ML estimate of the number of S-alleles maintained in this species is 35 (95% CI range, 31-40).
We tested 10 alleles using half-compatible crosses and allele-specific PCR (Table 2) . Allele determination based on sequence data is perfectly correlated with functionality. In all 10 cases, the null hypothesis of full compatibility is rejected. For a comparison, a cross was performed involving alleles expected to have different specificities (5 and 14), with a relatively high (86%) amino-acid identity ( Table 2 ). The crossing result in this case confirms that they are allelic and encode different specificities, as the null hypothesis of full compatibility cannot be rejected.
Genealogy of S-alleles
The sample from S. chilense represents many ancient S-allele lineages. Seventeen clades of S-alleles from S. chilense join the phylogeny at nodes ancestral to one or more alleles from L. parishii, indicating that much extant polymorphism predates the divergence of these genera (Figure 2 ). This represents a minimum estimate of the amount of polymorphism at the S-locus of S. chilense that predates the genus Solanum because additional sampling from S. chilense, or from species in other genera, could only increase this number.
Selection analysis
To conduct analyses of selection, we compared several models of codon substitution. Generally, the models that allow a positive selection category provided a significantly better fit than those that did not. analysis assigns a prior probability P ¼ 0.16 that a site is under positive selection with o ¼ 1.60. The prior probabilities and sequence data at each site are used to generate the posterior probabilities that a particular site is in each selection class (pp; Figure 3 ). Sites inferred in the positive selection class, as well as the corresponding posterior probabilities, are listed in Table 3 .
Discussion
Allele number and identity The estimated number of alleles in S. chilense (35) falls well within the range estimated for other species of Solanaceae. Given that we recovered 34 alleles in total, after a broader, nonrandom search, it is likely that the species-wide diversity may be slightly higher, although we have no reason to believe that it is higher than the upper end of the estimated 95% CI (41). In addition, sequences from independently sampled plants (Kondo et al., 2002) , if they are indeed conspecifics, can be used to reinforce a higher species-wide estimate.
Estimates from the available molecular genetic surveys of natural populations in this family range from 15 to 44 (Lawrence, 2000; Lu, 2002; Stone and Pierce, 2005; Wang et al., 2001; Savage and Miller, 2006) . Most of these estimates come from analyses of variation present in a single population. Paradoxically, the lowest estimate for Solanaceae came from the only species-wide survey available to date, that from S. carolinense (Richman et al., 1995) . Estimates derived from sequence data from other species with RNase-based SI are very similar. Single populations of Crataegus monogyna and Sorbus aucuparia (Rosaceae) are estimated to harbor 27 and 24 alleles, respectively (Raspé and Kohn, 2002) and the specieswide estimate for S. aucuparia based on sampling from two populations is 40 (Raspé and Kohn, 2007) . The only estimates that substantially differ from these come from crossing studies of clover species, Trifolium repens and T. pratense (Fabaceae), in which roughly 100-200 alleles are estimated to segregate in natural populations (cf. Lawrence, 2000) . Any molecular verification of these Figure 2 A phylogenetic tree of S-alleles from the Solanaceae (S. chilense, S. carolinense, L. parishii), rooted with outgroup alleles from the Plantaginaceae (Antirrhinum hispanicum). Four previously published S. chilense alleles (Kondo et al., 2002) are shown with their GenBank accession numbers. The best tree obtained in a heuristic ML search in PAUP* (Swafford, 2002) is shown. Posterior probabilities in excess of 0.9 derived from a Bayesian analysis (Huelsenbeck and Ronquist, 2001) are shown above each branch of the tree. S. chilense alleles cover the entire depth of the tree and are contained within nearly all major allele lineages.
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estimates is precluded by the lack of characterization of the S-locus in Fabaceae.
Occasionally, studies of S-allele variation in SI plants uncover sequences of S-like RNases that resemble S-alleles closely, as measured by sequence similarity, but do not function as S-alleles (Lee et al., 1992; Liang et al., 2003) . For example, Lee et al. (1992) studied the Slike RNase X2 in Petunia integrifolia ssp. inflata, which is not linked to the S-locus. Although phylogenetic analyses of X2 show that it groups with functional S-RNases, and is expressed in the style, it is also monomorphic, and not involved in SI. Such genes likely originate as paralogous copies of S-alleles. Many more-distantly related genes in the same RNase superfamily exist, but with much lower amino-acid identities, and they are expressed in other plant tissues (for example, Hugot et al., 2002) . We found that the putative S-alleles we sequenced co-segregated with S-allele phenotypes by performing a series of half-compatible crosses to test the association between sequence and functional phenotype.
The results confirm that all tested putative alleles, inferred from sequencing, are associated with a functional phenotype (Table 2) . Unfortunately, we were unable to test the functional association of the two most closely related putative alleles (13 and 18), because the original plant with allele 13 was short lived (the first plant to die), and none of the plant's sibs genotyped subsequently carried this allele. Plants bearing the genotypes indicated in the Dam/Sire columns were used in crosses. The second column lists the allele whose identity is tested for association between sequence and phenotype. It is followed by the sire allele to be transmitted to progeny, if the cross is half-compatible. This allele was used in PCR genotyping of the progeny. Results of the crosses are scored as (no. of progeny bearing the expected sire allele)/(no. of progeny tested). The final column indicates cumulative binomial probability of observing a particular progeny screening result if the sequence is, in fact, not associated with an allele phenotype and all four possible genotypes are present at expected frequencies (see text for details). a Combined results of reciprocal crosses. 
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Genealogy of S-alleles S. chilense harbors a broad sample of the allelic variation at the S-locus found among Solanaceae. Like its congener S. carolinense, much of the variation at the S-locus appears to predate the genus Solanum, thought to have differentiated more than 5 million years ago, based on fossil seed from the mid-to upper miocene (Benton, 1993) . Species restricted to the genera Physalis and Witheringia remain the only Solanaceae known whose S-allele complement contains only a restricted number (3-4; Richman and Kohn, 2000; Lu, 2002; Stone and Pierce, 2005) of ancient S-lineages.
Selection analysis
The detection of positive selection at the S-locus is unsurprising, but confirms and extends earlier studies. Previous analyses that employed the approximate methods (for example, Clark and Kao, 1991) , as well as analyses using the codon-based methods (Takebayashi et al., 2003; Savage and Miller, 2006) found that nonsynonymous mutations are preferentially fixed at some regions of the S-locus. However, our analyses of S. chilense sequences yielded two interesting results. Although we find that the traditionally defined hypervariable regions (HVa and HVb) are replete with selected sites (Figure 2) Savage and Miller, 2006) that parts of the molecule other than HVa and HVb are almost certainly involved in encoding self-recognition specificity. It should be noted here that M 2a is known to falsely detect positive selection when there are a large number of neutral sites (Anisimova et al., 2002) . We include it here as a liberal estimator of selected sites. Verica et al. (1998) have previously argued that the single successful experiment, in which the HV domains were swapped between two closely related alleles (Matton et al., 1997) , may not be indicative of the general pattern of evolution. Their arguments are based on studies that fail to recover a change in specificity in larger experimental domain swaps (cf. Kao and McCubbin, 1996) . We note here that a disproportional amount of molecular adaptation in this gene still appears to take place in HVa and HVb. However, it remains possible that different groups of S-allele lineages may rely on alternate sites for changes in specificity. In addition, the sites involved in specificity may change throughout the history of allelic lineages. Finally, several selected sites are located far outside of HVa and HVb on the 3 0 -end of the primary structure (see Figure 3, residues 145, 154, 185, 189, 190 and 192) . Extrapolated from the solved crystal structure of Nicotiana alata S11 (Ida et al., 2001) , these sites are clustered at the external portion of the folded RNase, on the pole opposite to HVa and HVb (Figure 4 , bottom). These findings are likely to hold for other species in this family, because S-alleles from different species share long periods of evolutionary history. The role of these sites in the SI reaction will remain equivocal until the appropriate experiments are conducted. Takebayashi et al. (2003) and Savage and Miller (2006) find similar results to those presented here, but infer fewer strongly selected sites. Generally, these discrepancies are minor and may be, in part, explained by differences in alignment, lengths of sequences compared, and the sample of sequences considered. Takebayashi et al. (2003) used sequences from six Solanaceae species representing three genera. While broad trans-generic pattern of evolution ensures that most of the evolutionary history is captured in both studies, ours may have slightly increased power to detect selection, because all allelic lineages within a species share their entire evolutionary history. Savage and Miller (2006) analyzed selection at the S-locus in two species of Lycium separately. Their analysis used somewhat fewer sequences per species (24 in L. parishii, 16 in L. andersonii) and the sequences did not include the 3 0 -end of the molecule, but also found evidence for substantial selection outside of the hypervariable regions.
The recent discovery of the pollen component, an F-box-containing gene (Ushijima et al., 2003; Qiao et al., 2004; Sijacic et al., 2004) , in the Solanaceae and other families with RNase-based SI is expected to spur new studies of genetic variation at the S-locus. Its finding confirms that the SI recognition reaction involves two distinct components (Golz et al., 2001) , and supports the common origin of this form of gametophytic SI (Igic and Kohn, 2001; Steinbachs and Holsinger, 2002) , but the exact mechanism of recognition and rejection remains clouded (Goldraij et al., 2006; McClure, 2006) . It is surprising that, and presently unclear why, the pollen F-box-containing gene fails to show the pattern of Studies of self-incompatibility in wild tomatoes B Igic et al reciprocal monophyly (Ushijima et al., 2004) , exhibited by S-RNase alleles from the three well-studied families. Therefore, it is clear that experimental focus of research on SI will shift in favor of patterns at the pollen gene and its interactions with S-RNases. Still, some lingering questions about the general patterns from the style part remain. For example, the role of gene conversion and recombination in the evolution of both pollen and style parts remains cloudy, at best, as does the number of changes required for shifts to new S-allele recognition phenotypes, given that the pollen and style S-alleles are tightly linked and have to coevolve. There is also surprisingly little research into the fascinating question regarding the quantity of neutral variation within functional S-alleles. Our future work in this series will use S. chilense and related species as models for studies of these and related questions. Studies of self-incompatibility in wild tomatoes B Igic et al
